Abstract: Vanadium nitride (VN) thin films were produced via direct-current reactive magnetron sputtering technique followed by vacuum annealing. The treatment was carried out at different temperatures for any effect on their electrochemical (EC) stability, up to 10,000 charge-discharge cycles in 0.5 M K 2 SO 4 solution. The film surface chemistry was investigated by using X-ray photoelectron spectroscope (XPS) and cyclic voltammetry (CV) techniques. For the as-deposited film, the oxide layer formed on the VN surface was unstable upon K 2 SO 4 immersion treatment, along with~23% reduction in the EC capacitance. Vacuum annealing under optimized conditions, however, made the oxide layer stable with almost no capacitance loss upon cycling for up to 10,000 cycles. Annealing treatment of the VN films makes them a potential candidate for long-term use in electrochemical capacitors.
Introduction
Owing to their high density and melting point, superior hardness, excellent electronic conductivity and high specific capacitance, vanadium nitride (VN) thin films offer strong potential for application in electrochemical capacitors (ECs) [1, 2] . In this context, the hybrid nanostructures of VN films and carbon nanotubes have been reported to exhibit high volume capacitance, volume energy and power density [3] . Also, VN in nanocrystalline form demonstrated gravimetric capacitance of ∼1300 F·g −1 , due to successive, fast, and reversible redox reactions involving surface oxide groups and OH − ions from the electrolyte [4] . One of the major disadvantages associated with the use of VN, however, is its susceptibility to degradation that inhibits its practical application. It has been shown that cycling VN in KOH electrolyte leads to the degradation of the surface oxide layers that form at the surface of VN, and thus the capacitance decay over cycling [4] . Several factors, including film attributes such as crystallite size, morphology, surface oxide layer, etc., and EC test conditions; material loading, electrolyte concentration, and potential window, to name a few, influence the EC performance [5] .
Both pure and nanocomposite VN films have been extensively explored for both structural [6, 7] and functional applications [8] [9] [10] [11] [12] . The VN films exhibit pseudocapacitive behaviors through electric double-layer formation in the presence of OH − ions. Using N-doped carbon nanosheets/VN nanoparticles hybrid composition as the electrode, high specific capacitance with about 60% retention after 5000 cycles was reported [11] . Another study reported a reduction in areal capacitance by~80% within first 100 cycles, when tested for 1000 cycles in 1 M KOH solution [2] . Although cycle life stability is generally assessed in KOH electrolyte solution, it is also performed in mild K 2 SO 4 solution due to the relatively slow rate of decay in the EC capacitance value [13, 14] . We recently reported the electrochemical properties of VN/CNT hybrid nanostructures for micro-capacitors, using potassium sulphate (K 2 SO 4 ) electrolyte [13] . Furthermore, we suggested the preservation of the surface oxide layer for enhanced VN film stability during cycling. In this work, we demonstrate from X-ray photoelectron spectroscope (XPS) analysis that VN film annealing under certain conditions can preserve the surface oxide layer, thus enhancing the cycling life stability in 0.5 M K 2 SO 4 electrolyte. Such finding have implications in the design of stable VN thin film based materials for use in ECs.
Experimental Procedure
Direct-current (DC) plasma reactive magnetron sputtering technique was employed to produce VN films over silicon (100) substrates. The system consisted of a magnetron sputtering gun in a stainless steel chamber in which a base pressure of <10 −5 Pa was obtained using a turbo-molecular pump. Pure argon and nitrogen with 99.99% purity were used as sputtering and reactive gases, respectively. The target was a vanadium metal of ≥99.9% purity. The reactive sputtering was carried out without intentional substrate heating at a pressure of 0.32 Pa. The total gas flux rate during deposition was maintained at a constant value of 40 sccm, while the flow rate for reactive N 2 gas was fixed at 35%. The power density and deposition time were kept at 12.7 W/cm 2 and 3 hr, respectively. From these deposition conditions, the VN films with an average thickness value of~690 nm were obtained, as estimated from scanning electron microscope (SEM) examination of the film cross-sections. The as-deposited VN film is referred to as V o .
The films were then annealed in the same chamber at different temperatures for 2 h. The pressure inside the chamber during annealing was of the order of 5.5 × 10 −3 Pa. Due to low pressure during annealing, excessive oxidation of the films may be ruled out. The samples annealed at 400, 600, and 800 • C temperature were designated as V 1 , V 2 , and V 3 , respectively.
The electrochemical measurements were performed in 0.5 M K 2 SO 4 (Alfa Aesar, Ward Hill, MA, USA, 99.99%) electrolyte solution. A conventional cell with 3-electrode configuration was used in a VMP 3 multi potentiostat galvanostat (BioLogic, Seyssinet-Pariset, France) that was coupled with the EC-Lab software ® V11.10.
The samples were examined under an SEM (JSM7600F; JEOL, Tokyo, Japan) by operating at 5 kV accelerating voltage and 4.5 mm working distance. The X-ray diffraction (XRD) patterns were obtained from Siemens D5000 diffractometer (Siemens, Berlin, Germany) with Bragg Brentano configuration and monochromatic CuKα1 radiation. The film surface chemistry was investigated ex situ using an X-ray photoelectron spectroscope (XPS) (Kratos Axis Ultra, Kratos Analytical Ltd, Manchester, UK). The Al Kα radiation (1486.6 eV) at 20 eV pass energy and 0.9 eV energy resolution was employed to record high-resolution spectra. As a reference, the C 1s line of 284.4 eV was used for any correction in the shift in binding energies. The XPS spectra in the V 2p core-level regions were analyzed through a peak-fitting procedure, using a Shirley background.
Results and Discussion

Morphology and Composition
The SEM microstructures of the as-deposited VN electrode surface and the cross-section are shown in Figure 1 . As evident in Figure 1a , the film surface was observed to be comprised of nanostructured grains with a pyramid-like morphology and an average grain size of~37 nm. Due to this specific granular morphology, the film appeared to exhibit a very high surface area, which could cause an enhancement in the specific capacitance. Also, the high film surface roughness (not measured quantitatively) implied the presence of surface pores, as evident from a few dark, depressed spots between grains. The porosity level is nevertheless very low, and is believed to be at the film surface only. Microstructural examination of the film cross-section revealed dense, columnar growth with very little porosity. From the cross-sectional microstructure (Figure 1b) , the film thickness was estimated to be~690 nm, with a corresponding growth rate of 230 nm/hr. Although not shown here, the V 1 , V 2 , and V 3 films did not undergo any noticeable change in surface morphology upon vacuum thermal annealing at temperatures of 400 to 800 • C.
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Cyclic Voltammetry and XPS Analysis of as-Deposited VN Film
For the as-deposited VN film (V o ), cyclic voltammetry experiments were performed at a 200 mV·s −1 scan rate. The cyclic voltammograms of the VN films after 3 and 10,000 consecutive cycles are showcased in Figure 3 . Upon repeated charge-discharge cycling, a decay in the electrochemical capacitance by~23% was observed. It is noteworthy that the electrochemical treatment did not induce any modification in the film surface morphology or structure after cycling.
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Effect of Vacuum Annealing: XPS Analysis
The high resolution XPS V 2p spectra of the as-deposited as well as thermally treated VN films are represented in Figure 5 . Before the EC charge/discharge cycling, the surface chemistry of the vacuum annealed VN films was different from that of as-produced film, in the sense that 600 and 800 • C thermal treatments promoted a slightly higher degree of surface oxide layer formation. This may be attributed to the partial oxidation of the film surface at high temperatures, even under vacuum [20] . Among the vacuum-annealed VN films, only V 1 sample (annealed at 400 • C) was noticed to undergo oxide degradation after 10,000 EC cycles, as evident from comparison of the XPS spectra (Figure 5a ). Quite interestingly, however, the oxide content on the VN film surfaces in the case of V 2 and V 3 films (annealed at 600 and 800 • C) did not decrease after prolonged cycling, as demonstrated in Figure 5b, 
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Conclusions
Nanocrystalline VN films were produced via DC-plasma reactive magnetron sputtering followed by thermal treatment under a vacuum at 400, 600, and 800 °C. For the as-deposited and 400 °C annealed VN films, the topmost surface oxide layer was found to degrade upon treatment in K2SO4 electrolyte solution. This was confirmed from XPS analysis besides a ~23% capacitance loss in the case of the as-deposited VN film after 10,000 cycles. Vacuum annealing of the VN films at 600 and 800 °C led to an enhancement in electrochemical cycling stability, with an almost 100% capacitance retention, even after 10,000 cycles. Such an improvement in EC properties is speculated to originate from VN film crystallization or a thickness increase in the surface oxide layer, or both. From this finding, VN-based electrode materials may be developed with superior VN cycling stability in electrochemical energy devices. 
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